Stochastic optics may be considered as simply a local realistic interpretation of quantum optics and, in this sense, it is a first step in the reinterpretation of the whole of quantum theory. However, as it is not possible to interpret all the details of quantum theory in a local realistic manner, as shown by Bell's theorem, minor changes are introduced in the formalism with the consequence that the new theory makes different predictions in some special cases. In stochastic optics, the quantum-operator formalism is simply considered a formal way of dealing with stochastic fields. In particular, the quantum zero point is taken as a real random electromagnetic radiation filling the whole of space. This radiation noise has the same nature as light signals, the only difference being the greater intensity of the latter. We assume that photon detectors have an intensity threshold just above the level of the noise, thus detecting only signals. Transmission of radiation through polarizers follows Malus's law, but the interplay of signal and noise leads quite naturally to the prediction that the detection probability of some signals is enhanced, which is known to be a necessary condition for the violation of the empirically tested Bell inequalities. 
formalism is simply considered a formal way of dealing with stochastic fields. In particular, the quantum zero point is taken as a real random electromagnetic radiation filling the whole of space. This radiation noise has the same nature as light signals, the only difference being the greater intensity of the latter. We assume that photon detectors have an intensity threshold just above the level of the noise, thus detecting only signals. Transmission of radiation through polarizers follows Malus's law, but the interplay of signal and noise leads quite naturally to the prediction that the detection probability of some signals is enhanced, which is known to be a necessary condition for the violation of the empirically tested Bell inequalities. In our view, correlated photon pairs are pairs of light signals supercorrelated in polarization, in the sense that, as well as the signal, the accompanying noise is also correlated. Thus stochastic optics allows predictions for the empirical correlations very close, but not identical, to the quantum ones. The theory is applied to the analysis of all experiments designed to test the Bell inequalities by measuring polarization correlations of photon pairs. The predictions agree with quantum optics and experiments within statistical errors, except for the Holt-Pipkin experiment. In this case, the experimental results agree with stochastic optical predictions within two standard deviations while violating quantum optics by four.
I. INTRQDUCTIDN
More than 80 years have elapsed since Einstein introduced the concept of a "photon", in order to explain the discreteness of the absorption of light by material systems. Wave-particle dualism, an essential part of the photon concept, has since been extended to the whole of quantum theory, giving rise to conceptual difficulties that nonbody has been able to clarify in a completely satisfactory manner. In spite of these difficulties it is now widely believed that no alternative exists to the present paradigm; that is, nature cannot be interpreted along classical lines. In the domain of optics, a number of experiments have been performed in the last two decades to show nonclassical efFects in the statistical properties of light. However, the claim that these experiments cannot be interpreted classically is incorrect. In fact, we have developed a pure wave theory of light, able to interpret all these experiments, at least qualitatively.
The theory, which we call stochastic optics, has been presented in a recent paper, ' where we have shown in particular how the theory explains (i) the apparent corpuscular behavior of light (ii) the results of optical tests of Bell's inequalities, and (iii) photon antibunching.
In the present paper we analyze in more detail the second class of experiments. In the following, we summarize the principles of stochastic optics, referring for details to our previous paper. ' The essential hypothesis is that there is everywhere in space a zero-point noise which cannot be directly detected, because only radiation "above the sea" of zero point can activate light detectors. In most cases, optical devices, such as lenses, mirrors, etc. , transmit radiation in such a way that the part below (above) the "sea level" remains below (above), i.e. , as noise (signal). In consequence, the laws of classical optics apply. We have defined these devices to belong to class I. four per cell. ) As appropriate to a stochastic theory, the four parameters are random variables. From symmetry considerations it is not dificult to find the probability distribution for the three angular parameters (see below), but it is not so easy to find the probability distribution of the amplitude parameter E. We know the average value of its square (namely, hv for a vacuum cell and 2hv for a cell containing one "photon") but we need all the moments in order to know the full probability distribution. As we want to remain as close as possible to the quantum formalism, these moments should be computed using the Hamiltonian (2.5) and the standard quantum rules. What we obtain is that the energy of each mode is dispersion free. Apparently, this solves our problems and suggests putting the following probability density for the parameters of a vacuum cell. p(Eo, po, qjo, yo)=(4~) 'sin(2/0)5(EO -1), (2.6) problem with the statement that the zero-point radiation is "virtual. " Until now, attempts to find a classical or semiclassical alternative to quantum optics have not taken into account the zero-point radiation and have failed.
A typical example was the semiclassical theory of Jaynes. ' We assume that the zero point is a real radiation. This implies the first modification of the quantum formalism consisting in replacing the Hamiltonian (2.3) by As said above, the distribution for the angular parameters has been obtained by symmetry considerations. ' Not only is it rotationally invariant, but it can be shown to remain unchanged when a beam crosses a A, /n plate, for any n, so that (2.6) is quite satisfactory in this respect.
However, the sharp value of the amplitude Eo cannot be physical. In fact, there are strong arguments ' for a
Gaussian distribution of amplitudes, and certainly (2.6) is not obtained in general for one cell by a superposition of two radiation modes with arbitrary phases. ' Consequently, further changes in the quantum formalism will be required, besides substituting (2.5) for (2.3), but we leave this problem for future work and, for the moment, we shall use (2.6) unamended. Now, we must specify the distribution of polarizations of the signals coming from an atomic source. Obviously this will depend on the characteristics of the source, but in the present paper we will consider only sources with rotational invariance. In this case, we propose for the ensemble of signals the maximum possible symmetry that is a distribution similar to (2.6)
As this corresponds to the field component of one cell (containing two radiation modes) the energy should be noise, i.e. , assuming that zero-point radiation does not activate photodetectors. To bring our description close to quantum theory, the same assumption is made in stochastic optics and we shall write the detection probability as (2.9) where I is now the total energy in one cell of sixdimensional space (two radiation modes) in units h v. We shall call "ideal detector" any detector fulfilling our (2.9), which is equivalent to the quantum rule (2.8). Ideal detectors, however, are impossible by the very nature of stochastic optics, as explained below. Therefore, some difference with quantum optics can be predicted in experiments where the nonideal behavior of detectors is important.
The reason that ideal detectors are impossible within stochastic optics is that the zero-point radiation is random, so that the "sea level" cannot be sharply defined, as was pointed out earlier. In other words, fluctuations of the noise can always be confused with signals. In a more formal way the difficulty can be seen in Eq. (2.9). In fact, if fluctuations exist, the intensity I can be smaller than the average of the noise, thus making the probability P negative, which is absurd. The problem is that we must find an alternative to (2.8) fulfilling the two conditions of being non-negative and giving a detection probability proportional to the energy above the zero-point sea. But these two conditions are clearly incompatible if there are fluctuations in the zero-point field. At least two predictions seem unavoidable in stochastic optics: (i) there will be always some dark rate in any detector (a well-known fact in real experiments) and (ii) the efficiency of detectors should remain low if we want to avoid a high dark rate. For the moment, the simplest solution seems to be to replace (2.9) by a detection probability which is a function of the signal intensity with a threshold. So we shall assume for the probability, instead of (2.9) (2. 10) where y is some threshold energy (in units hv) and il is the "photon" efficiency. After that, we are in a position to determine the values of the adjustable parameters P and y. As we will discuss at the end of Sec. IV, exact agreement with quantum optics in the ideal experiments would be obtained with the choice E"=/3(cosg cos8+ sing sin8e' )e'r, and a similar expression for +0. Now, the detection probability of a signal will be, according to (2. 10)
-05 an expression that we will frequently use in the future.
The average in (3.8) should be made for Pp, and %p with the distribution (2.6) or, equivalently, ' for 4p with the weighting factor sin(24&p).
The function p(@), represented in Fig. 2 The behavior of a calcite prism can be analyzed with reference to Fig. 3 . There, we fix the y axis perpendicular to the plane of the figure and the x axis in the plane but perpendicular to the direction of propagation of the ray. For an incoming signal with electric field components (E,E ), the E component is totally reflected in the balsam layer of the prism (represented by a diagonal straight line in Fig. 3 ), while the E component is transmitted with an amplitude A@ME"(the transmitted part of E is extremely small and may be neglected). Then, according to classical optics, the transmitted signal should have components (+MME, O). In stochastic optics, however, there is some noise which goes into the outgoing channel.
In the first place, the E2 component of the noise ray E2 (E",E ) and it arrives at the plate at the Brewster angle, or very close to it (see Fig. 4 ' sin(2$, )dp, d+, dX, .
(4.4)
The procedure we have adopted is to put, for the 0-1-0 cascade, p, z(A, "Az) =(2ir) 'p(A, , )5(P, -Pz)5(%', -Vz), (4.5) and to use the same expression for the 1-1-0 cascade, except that 5(P, -Pz) is replaced by 5(~/2 -P, -Pz). Taken literally, this implies a perfect correlation between P, (4', ) and pz (%z), with statistical independence for X, and However, we stress that we have chosen this particular joint distribution solely for computational simplicity. We do not believe that such perfect correlation is a necessary feature either in stochastic optics or in hiddenvariable theories, in general.
In the ideal case Eq. (4.1) becomes p"(a,b) = (P (4.)P (C "))z z =(4ir ) ' f sin(2$)dp d+ dX P(4, )P(@b ), (4.6) where we have removed the lower indices of P, , +,, and g, , and we define cos(24, ) = cos(2$ )cos(2a ) +sin(2$ )sin(2a ) cos%', (4 .7) with a similar expression for 4b. The integral (4.6) is straightforward, but it is illustrative to solve it using the expansion (3.9), which leads to p» (a, b) =g (P -y) (ao+ -, 'a for which the quantum-optical prediction is r, z(8) = , '[e'+e++F-e' e Fig. 6 ). Given the crudity of our 
